HCO3--independent rescue from apoptosis by stilbene derivatives in rat cardiomyocytes  by Tanabe, Shigeru et al.
FEBS 29170 FEBS Letters 579 (2005) 517–522HCO3 -independent rescue from apoptosis by stilbene derivatives
in rat cardiomyocytes
Shigeru Tanabea,b, Xiaoming Wanga, Nobuyuki Takahashia,c, Hiromi Uramotoa,c,
Yasunobu Okadaa,c,*
a Department of Cell Physiology and Molecular Physiology, National Institute for Physiological Sciences, Japan Science and Technology
Agency (JST), Myodaiji-cho, Okazaki 444-8585, Japan
b Pharmaceutical Research Department, Fuji Gotemba Research Laboratories, Chugai Pharmaceutical Co., Ltd., Shizuoka 412-8513, Japan
c Japan Science and Technology Agency (JST), Okazaki 444-8585, Japan
Received 27 September 2004; revised 6 December 2004; accepted 7 December 2004
Available online 21 December 2004
Edited by Peter BrzezinskiAbstract Apoptosis of rat cardiomyocytes induced by stauro-
sporine is prevented by a stilbene derivative (DIDS), which is a
known blocker of both Cl=HCO3 exchangers and Cl
 chan-
nels. To clarify its target, staurosporine-induced activation of
caspase-3, DNA laddering and cell death were examined in cul-
tured rat cardiomyocytes. Removal of ambient HCO3 , which
minimizes the function of Cl=HCO3 exchangers, failed to af-
fect the preventive eﬀect of DIDS on apoptosis. A carboxylate
analog Cl channel blocker, which does not block Cl=HCO3
exchangers, also inhibited apoptotic events. Thus, rescue by
DIDS of cardiomyocytes from apoptosis is mediated by blockage
of Cl channels.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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During the process of apoptosis, cells undergo characteristic
morphological and biochemical changes including cell volume
decrease, chromatin condensation, caspase activation, DNA
laddering and cell fragmentation [1,2]. The apoptotic volume
decrease (AVD) is an essential early-phase component of the
cascade leading to apoptotic cell death. It is driven by osmo-
lyte eﬄux resulting mainly from the concurrent activation of
volume-regulatory K+ and Cl channels in various cell types,
including epithelial cells, neuronal cells and lymphoid cells
[3,4]. In HeLa cells, an apoptosis-triggering Cl conductance
is carried by the volume-sensitive outwardly rectifying (VSOR)
Cl channel, which is activated under normotonic conditions
during AVD [5]. In a large number of cell types, actually, it
has been demonstrated that cells can be rescued from apopto-Abbreviations: AVD, apoptotic volume decrease; DIDS, 4,4 0-diisoth-
iocyanostilbene-2,20-disulfonic acid; NPPB, 5-nitro-2-(3-phenylpro-
pylamino)-benzoic acid; SITS, 4-acetamido-4 0-isothiocyanostilbene;
STS, staurosporine; VSOR, volume-sensitive outwardly rectifying
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channels [3,6,7]. On the other hand, HCO3 transported via
Cl=HCO3 exchangers has been reported to play an essential
role in apoptosis induced by staurosporine (STS), hypoxia or
ischemia in human epithelial HeLa cells [8].
Apoptosis is observed in cardiomyocytes in pathological
conditions such as hypoxia/reoxygenation stress or ischemia/
reperfusion injury in vivo [9–11]. In vitro, in cultured cardio-
myocytes, apoptotic cell death can also be induced, not only
by hypoxia [12] but also by STS [13,14]. Fujita et al. [14] ﬁrst
observed that 4,4 0-diisothiocyanostilbene-2,2 0-disulfonic acid
(DIDS) prevents STS-induced apoptosis in rat endothelial cells
and cardiomyocytes. Although it was suggested that this DIDS
eﬀect is due to blockage of the anion exchangers, the possibil-
ity remains that the blockage of Cl channels by DIDS is in-
volved. The aim of the present study is to clarify whether
Cl=HCO3 exchangers or Cl
 channels are targets of the stil-
bene derivative.2. Materials and methods
2.1. Cardiomyocyte cultures
Primary cultures of fetal rat cardiomyocytes were prepared as de-
scribed previously [15]. Brieﬂy, the hearts of 20-day fetuses from preg-
nant SD rats (Japan SLC Inc., Hamamatsu, Japan) were minced, and
cardiomyocytes were dispersed by enzymatic digestion with 0.03% tryp-
sin (Gibco Invitrogen, Carlsbad, CA) and 0.03% collagenase Type 2
(Worthington, Lakewood, OH). The cell suspension was ﬁltered
through a 100-lm Cell Strainer (Falcon, Becton Dickinson, NJ), and
the cells were plated onto a 10-cm Petri dish for 1-h cultivation (37 C
in a 5% CO2 incubator) in DMEM supplemented with 10% heat-inacti-
vated fetal bovine serum, penicillin (100 U/ml) and streptomycin
(0.1 mg/l). Then, in order to minimize contamination by non-myocar-
dial cells, only cells that could be suspended again in the medium by
gently shaking the dish were collected, seeded onto 24- or 6-well plates
(Falcon) and cultured for 2 days. Before use, cultured cells in all the
wells were observed under a phase-contrast microscope for cell shape
and automatism (i.e., synchronized spontaneous contractile activity)
to conﬁrm that the vast majority of the cells were cardiomyocytes.2.2. Apoptosis induction and cell viability assay
To induce apoptosis, cells were treated with STS for 2 h and further
cultivated for 20 h after removing STS from the medium (Protocol-1).
Alternatively, cells were treated with STS for 4 h and further cultivated
for 4 h after removing STS from the medium (Protocol-2). When eﬀects
of blockers of channels or exchangers were studied, each blocker wasblished by Elsevier B.V. All rights reserved.
518 S. Tanabe et al. / FEBS Letters 579 (2005) 517–522applied to cells along with STS or vehicle (0.1–0.3% DMSO). Viability
of cells in each well was assessed by the colorimetric MTT assay meth-
od using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Cell
viability (%) was expressed according to the formula: cell viability
(%) = [(test value  blank value)/(control value  blank value) · 100],
where the blank value represents that of a cell-free dish and the control
value represents that of a dish of cells treated with the vehicle alone.
Cell shape and automatism of cardiomyocytes in each well were ob-
served under a phase-contrast microscope before and after STS appli-
cation and at the end of the test period.
2.3. Caspase-3 activity assay and detection of DNA laddering
Caspase-3 activity and internucleosomal DNA fragmentation were
detected as previously described [3]. Brieﬂy, caspase-3 activity was
measured by a ﬂuorometric assay method using the Caspase-3 Assay
Kit/Fluorimetric (Sigma Chemical, St. Louis, MO), and chromosomal
DNA in the cell lysate was analyzed by electrophoresis on a 2% aga-
rose gel, followed by staining with ethidium bromide. These experi-
ments were carried out in Protocol-2 but not Protocol-1, in which
the number of cells attached to the substrate markedly decreased
20 h after washout of STS.
2.4. Chemicals and solutions
STS, DIDS, 4-acetamido-40-isothiocyanostilbene (SITS), 5-nitro-2-
(3-phenylpropylamino)-benzoic acid (NPPB) and quinine were pur-
chased from Sigma. Unless otherwise indicated, all other chemicals
were purchased from Wako Pure Chemicals (Osaka, Japan). All re-
agents except for BaCl2 (dissolved in distilled water) were ﬁrst dis-Fig. 1. STS-induced cell death and the protective eﬀects of stilbene derivativ
dependent eﬀects of STS on cell viability detected 20 h after STS treatment for
2: right panel). (B) Eﬀects of DIDS (left panel) and SITS (right panel) on ce
experiments (open columns) were performed by applying the vehicle (DMS
observations. \, signiﬁcantly diﬀerent (P < 0.05) from the control data (A an
with STS alone (B: ﬁlled columns).solved in DMSO to make a stock solution and then further diluted
in the medium immediately before use. In order to minimize the con-
tribution of the Cl=HCO3 exchanger, STS and blockers were applied
under HCO3 -free conditions in which Leibovitzs L-15 medium (Gibco
Invitrogen) was used instead of DMEM, and cells were cultivated in a
37 C incubator equilibrated with an atmosphere of normal air.
2.5. Statistical analysis
Data are expressed as means ± S.E.M. and n stands for the number
of observations. Statistical diﬀerences of the data were evaluated by
Students t test, or one-way ANOVA followed by Dunnetts test where
appropriate. Diﬀerences between groups were considered signiﬁcant at
P < 0.05.3. Results
3.1. STS-induced apoptosis and its sensitivity to stilbene
derivatives
After application of 0.03–3 lM STS to cardiomyocytes for
2 h and further cultivation of cells for 20 h following washout
of STS (Protocol-1), reduction of cell viability was observed in
a concentration-dependent manner by the MTT assay (Fig.
1A: left panel). After application of 1–16 lM STS to cells for
4 h and further cultivation of cells for 4 h following washoutes in rat cardiomyocytes in the presence of HCO3 . (A) Concentration-
2 h (Protocol-1: left panel) or 4 h after STS treatment for 4 h (Protocol-
ll death induced by STS applied according to Protocol-1. The control
O) alone. The data represent means ± S.E.M. (vertical bar) of eight
d B: open columns). #, signiﬁcantly diﬀerent (P < 0.05) from the data
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cell viability was also observed (Fig. 1A: right panel). Morpho-
logical observations under a phase-contrast microscope re-
vealed the apparent shrinkage of cardiomyocytes after
treatment with STS for 2–4 h and a reduction in the number
of cells attached to the substrate 4–20 h after washout of
STS (data not shown). Automatism is usually observed in cul-
tured cardiomyocytes, but it was apparently weakened or abol-
ished by STS treatment for 2 h or longer. These results imply
that STS induces apoptosis in cultured rat cardiomyocytes,
as reported previously [13,14].Fig. 2. Protective eﬀects of DIDS on STS-induced cell death (A), caspase-3
presence (left panels) and absence (right panels) of ambient HCO3 . STS was
bar) (A, B) and one representative (C) of eight observations. \ and #, the s
HCO3 are statistically indistinguishable.Concomitant application of a stilbene derivative, DIDS
(62.5–250 lM), inhibited, in a concentration-dependent man-
ner, the STS-induced reduction of cell viability observed in
Protocol-1 (Fig. 1B: left panel). This result is in good agree-
ment with a previous report [14]. Another stilbene derivative,
SITS, also prevented STS-induced cell death in a concentra-
tion-dependent manner (Fig. 1B: right panel), although it
was less potent compared to DIDS. STS-induced cell shrink-
age, cell detachment and impairment of automatism were re-
versed by DIDS (62.5–250 lM) or SITS (125–500 lM) (data
not shown). Time-matched control application of DIDSactivation (B) and DNA laddering (C) in rat cardiomyocytes in the
applied according to Protocol-2. The data are means ± S.E.M. (vertical
ame as in Fig. 1. Paired data obtained in the presence and absence of
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ity (Fig. 1B), cell shrinkage or automatism (data not shown).
3.2. HCO3 -independent prevention of apoptosis by stilbene
derivatives
Similar inhibitory eﬀects of DIDS on STS-induced cell death
were observed in experiments using Protocol-2 (Fig. 2A: left
panel). Removal of ambient HCO3 aﬀected neither STS-
induced cell death nor its inhibition by DIDS (Fig. 2A: right
panel). Similar HCO3 -independent eﬀects of DIDS on STS-
induced cell death were observed in experiments with Protocol-
1 (data not shown).
STS-induced impairment of cardiomyocyte automatism and
the suppression of this eﬀect by DIDS and SITS did not diﬀer
in normal and HCO3 -free conditions (data not shown).Fig. 3. Protective eﬀects of a non-stilbene-derivative Cl channel blocker, N
cell death (A) and DNA laddering (B) in rat cardiomyocytes in the presence
representative (B) of 8 observations. * and #, the same as in Fig. 1.STS treatment led to activation of caspase-3 in cardio-
myocytes and DIDS eﬀectively blocked this STS eﬀect
(Fig. 2B: left panel). Even under HCO3 -free conditions,
the eﬀects of STS and DIDS were essentially unchanged
(Fig. 2B: right panel).
For cells treated with STS in the presence (Fig. 2C: left pa-
nel) and absence (Fig. 2C: right panel) of ambient HCO3 ,
internucleosomal DNA fragmentation of similar extent was
observed. Coapplication of DIDS prevented STS-induced
DNA laddering (Fig. 2C: left panel), and this DIDS eﬀect
was independent of HCO3 (Fig. 2C: right panel).
These results indicate that in cardiomyocytes, the contribu-
tion of Cl=HCO3 exchanger activity to the mechanism of
STS-induced apoptosis as well as to rescue by stilbene deriva-
tives is, if anything, minor.PPB, and the K+ channel blockers, quinine and Ba2+, on STS-induced
of HCO3 . The data are the means ± S.E.M. (vertical bar) (A) and one
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We then examined the eﬀect of NPPB, a carboxylate analog
which blocks Cl channels but not Cl=HCO3 exchangers
[16], on STS-induced apoptosis in rat cardiomyocytes. NPPB
(100 lM), when applied with STS, suppressed both cell death
(Fig. 3A) and DNA laddering (Fig. 3B) induced by STS,
whereas NPPB applied alone did not inﬂuence them (Fig. 3A
and B). These results further support the notion that a Cl
channel sensitive to DIDS, SITS and NPPB is involved in
the mechanism of STS-induced apoptosis in cardiomyocytes.
If electrogenic Cl transport mediated by a Cl channel is
associated with AVD-inducing KCl release, as is the case in
many other cell types [3,4], it must be expected by restraint
of electroneutrality that coactivation of K+ channel takes place
in apoptotic cardiomyocytes. STS was, in fact, reported to
activate K+ currents in heart-derived cells [17]. Thus, we next
examined the eﬀects of two diﬀerent K+ channel blockers on
STS-induced apoptosis in rat cardiomyocytes. Indeed, quinine
(125 lM) or BaCl2 (1 mM) applied together with STS was
found to eﬀectively suppress STS-induced reduction of cell via-
bility (Fig. 3A) and DNA laddering (Fig. 3B), although neither
one alone substantially inﬂuenced cell viability or the pattern
of DNA electrophoresis.4. Discussion
Rat cardiomyocytes express three diﬀerent targets of DIDS:
Cl=HCO3 exchangers (anion exchangers: AE) [18,19],
Naþ–HCO3 cotransporters (NBC) [20,21] and some Cl
 chan-
nel types including the VSOR anion channel [22]. AEs [8,14]
and Cl channels [4,23] have been reported to have essential
roles in the process of apoptosis in a variety of cell types. On
the other hand, it has been reported that NBCs are involved
in ischemic injury in rat cardiac myocytes [24]. Although the
protection of rat cardiomyocytes from STS-induced apoptosis
by DIDS was interpreted to mean that AEs have an essential
role in the apoptotic mechanism [14], the possibility that NBCs
or some Cl channels are involved has remained.
In the present study, we could reproduce the protective ef-
fect, ﬁrst observed by Fujita et al. [14], of DIDS against
STS-induced apoptosis in rat cardiomyocytes (Figs. 1B and
2B and 2C: left panels). Another stilbene derivative, SITS,
was also found to be protective (Fig. 1B: right panel). The pro-
tective eﬀect of DIDS was not signiﬁcantly aﬀected by removal
of ambient HCO3 (Fig. 2A–C: right panels). These results ex-
clude the possibility that AEs and NBCs are involved and sug-
gest that Cl channels play an important role. In fact, another
Cl channel blocker which is structurally unrelated to stilbene
derivatives and cannot block AEs, NPPB, was found to pro-
tect cells against STS-induced apoptosis (Fig. 3).
In STS-induced apoptosis in HeLa cells, Cl channels have
an essential role in the regulation of intracellular pH [25]
and in Cl eﬄux leading to AVD [3,5]. In the present study,
the K+ channel blockers quinine and Ba2+ were found to be
eﬀective in rescuing cells from STS-induced apoptosis (Fig.
3). These results support the hypothesis that channel-mediated
K+ and Cl eﬄuxes are prerequisite to the induction of apop-
tosis [4,23], although they do not exclude a possible role for
stilbene derivative-sensitive Cl channels in intracellular pH
changes during the apoptosis process [25].In the heart, apoptosis can be triggered by ischemia and/or
reperfusion depending on the conditions. Apoptosis is the ma-
jor initial form of ischemic myocardial cell death leading to
myocardial infarction in the human heart [11]. Recently, Miz-
oguchi et al. [26] demonstrated that myocardial apoptosis was
induced by ischemia/reperfusion associated with the proce-
dures of heart transplantation and that it could be blocked
by DIDS or NPPB. Thus, blockers of the anion channel acti-
vated in the early stages of apoptosis would be useful for pro-
tecting cardiac cells from apoptotic cell death during ischemia/
reperfusion or transplantation of the heart.
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